Abstract Based on the free electron metallic disc model, the derivation of a simple expression for evaluation of the Fukui function for the molecular models of polycyclic aromatic hydrocarbons (PAHs) of the general formula C 6n 2 H 6n was described. We also investigated the functionalization energy with OH radicals for the molecular models of PAHs (n = 1-6). Our metallic disc model-based functionalization reaction energy was in agreement with the DFT:B3LYP/6-31G(d) calculated values. Asymptotic values of the functionalization energies (n ! 1) were predicted to be -30.1 ± 0.1 and -8.7 ± 0.1 kcal/mol for the external and internal border carbon atoms, respectively.
Introduction
Polycyclic Aromatic Hydrocarbons [1] (PAHs) are a large family of tarry materials naturally present in, for example, coal and crude oil. In addition, they are also formed in the combustion of all sorts of carbonaceous fuels and hence are found in auto exhaust, cigarette smoke and candle soot. PAHs are known for the persistent detrimental effect of their carcinogenic properties on the environment, due to their long-term stability. PAHs are also the largest known molecules in space [2] , and are ubiquitously present with high abundance. Intimately mixed with dust, they are formed in the outflows of evolved and dying stars [3] . They play a vital role in interstellar chemistry and can be used to probe environmental conditions within astronomical objects [2, 3] .
A necessary and relatively slow step of many oxidation processes of organic materials is the stable attachment of the hydroxyl radical to the P electronic system [4] . Hydroxyl radicals are important oxidants in the atmosphere and in the natural waters. Hydroxyl radicals are produced in aqueous solutions via the photolysis of nitrite, nitrate and hydrogen peroxide [5] . Hydroxyl radical-initiated reactions often lead to the formation of mutagenic aromatic compounds, indicating that the health risk assessments of combustion emissions should include atmospheric transformation products [6] .
The focus of the present article is a theoretical study on the reaction of hydroxyl radical attachment to the planar conjugated polycyclic aromatic hydrocarbons of the general formula C 6n 2 H 6n , n = 1, 2, 3, 4, 5, 6 (denoted as S):
• is the 'radical' complex, the geometry of which corresponds to the minimum of the potential energy surface. Our former calculations on models systems [7, 8] have shown that the condensed Fukui function [9] [10] [11] can be useful in the prediction of the reactivity in silico of highly symmetrical and highly delocalized molecules like nanotubes and fullerenes. A novelty of the present study is the development of a simple model to predict the reactivity of conjugated polycyclic aromatic hydrocarbons of the general formula C 6n 2 H 6n with hydroxyl radicals. Our research belongs to a long-term project aiming to theoretically predict the reactivity of a broad class of conjugated aromatic hydrocarbons, such as nanotubes and fullerenes. 
Theoretical background

Fukui function
It is known that [9] the Fukui function is a powerful tool to predict the reactivity sites of a molecule.
The Fukui function f ðrÞ [9] [10] [11] is defined as a derivative of electronic density qðrÞ versus number of electrons N at a constant external potential mðrÞ (fixed nuclei):
In general, one application of Fukui function is based on the following consideration:
'Of the two different sites with generally similar dispositions for reacting with a given reagent, the reagent prefers the one which is associated with the maximum response of the system's chemical potential. Thus, the greater the Fukui function value, the higher should be the reactivity' [12] .
Fukui function for models of the C 6n 2 H 6n PAH homologue series
We studied models of PAHs of the general formula C 6n 2 H 6n , Fig. 1 .
Metallic disc approximation
In order to evaluate the Fukui function, we approximated our PAH model (C 6n 2 H 6n ) as a metallic disc of radius R, R ¼ ð3n þ 1Þ a cc 2 , Fig. 1 . The radius R of the disc was chosen in order to keep in mind the real extension of the electronic density, longer by a cc than the most distant carbon atom from the geometrical center of our S model.
Laplace equation and surface charge density
The Laplacian operator is used for cylindrical coordinates [13] . Keeping in mind that our charged disc model is independent of the azimuthal cylindrical coordinate it follows:
where the disc symmetry axis is along the z vertical cylindrical coordinate and u(z, r) is the potential of the electrical field. By solving the partial differential eq. 2 using the standard technique of the variable separation, it follows:
uðz; rÞ ¼ f ðrÞgðzÞ ð 3Þ
Replacing eq. 3 in eq. 2 it follows:
The choice of the constant k 2 (positive number) is because the electrical potential u(z, r) should tend to zero as | z | approaches infinity. The solution of the differential equations 4 and 5 can be expressed as: functions of the first kind of order zero and the Bessel functions of the second kind of order zero (also called Weber or Neumann functions), respectively.
From eqs. 3, 6, 7 it follows:
Boundary conditions
The electrical potential u(z, r)is bound and should tend to zero as | z | approaches infinity. Remembering that Y 0 (kr)is unbound for r = 0 from eq. 8 it follows:
where c is a coefficient. As the Laplace eq. 2 is a linear equation in u k (z, r), it follows that a linear combination of eq. 9 is a solution of eq. 2:
We also imposed the following boundary conditions:
i.e. a constant potential V 0 on the metallic disc and duðz; rÞ dz
zero electrical field outside the disc (r [ R) on the plane containing the metallic disc (z = 0) for symmetry. Equations 11 and 12 are dual integral equations for c(k).
The general theory of dual integral equations is complicated and not highly developed, but in this case can be solved remembering that:
and
From eqs. 10-14 it follows:
Surface charge density
In our metallic disc model, the electrical field E is normal to the surface of the disc, i.e. along the z vertical cylindrical coordinate. Therefore, it follows:
where r(r)is the surface charge density and e 0 is the dielectric constant of a vacuum. From eqs. 14, 15, 17 it follows:
rðrÞ¼ Àe 0 ouðz; rÞ oz
The charge q on one face of the disc can be obtained integrating the surface charge density r(r) over one face of the disc, it follows:
From eqs. 18, 19 it follows:
Fukui function in 'electrostatic approximation'
In our simplified model, we approximate the electronic density qðrÞ with the surface charge density r(r). From eqs. 1, 20 it follows:
f ðrÞ ¼ oqðrÞ oN
Remembering that in our approximation q(r) Á e -= r(r) and N Á e -= q with e -as the electronic charge. Replacing in eq. 21 the expression of the radius r, R (Fig. 1) , it follows:
Reactivity
The focus of the present article is the reaction of hydroxyl radical attachment to the P electronic system of substrate S. Assuming that the reaction energy DE:
is a function of the Fukui function f(r) of the reacting carbon, i.e. is a function of f ðk; nÞ (eq. 22) it follows:
DE ¼ a þ bf ðk; nÞ ð 24Þ
Computational methods
We used a quantum mechanical approach, in particular the hybrid Density Functional B3LYP method with a split valence basis set and d polarisation functions 6-31G(d) [14] . This computational model is a reasonable compromise between accuracy and computational cost for isolated systems energy calculations [15] . We performed DFT:B3LYP/6-31G(d) calculations using Gaussian 03 software [16] for molecular models of PAHs (C 6n 2 H 6n ), and DFT:B3LYP/6-31G(d) for the DFT based periodical model of graphene using the Crystal 03 software [17] . We studied PAH molecular models with the general formula C 6n 2 H 6n , n = 1, 2, 3, 4, 5, 6 ( Fig. 1 ) and a periodical model of graphene (Fig. 2) .
Results
Here, we present results for graphene, then six results for PAH models and finally the estimation of the PAH HOMO-LUMO electronic gaps.
Reaction energy for a periodical model of graphene
We investigated the reaction energy:
Þ À E(S) À EðOH Þ (Table 1) , for three periodical models of graphene:
the periodical model in a double 2D super cell (sc = 2, eight carbon atoms per elementary cell), a triple 2D super cell (sc = 3, 36 carbon atoms per elementary cell) and the periodical model in a quadruple 2D super cell (sc = 4, 64 carbon atoms per elementary cell, Fig. 2 ). We also calculated the interaction energy E intOH between OH groups for all periodical models (Table 1) .
We fitted a linear function of ÀðDE À E intOH Þ versus 1/sc 2 ( Fig. 3) , with 1/sc 2 proportional to the condensed Fukui function, per elementary cell, calculated in the hypothesis of symmetrical substrate [3] (all the carbon atoms of the periodical graphene are equivalent for symmetry).
From Fig. 3 , it can be seen that the energy ðDE À E intOH Þ fits linearly versus 1/sc 2 fairly well (R = 0.99). (Fig. 3) , it follows the reaction energy for a graphene model with one OH
From the linear fitting ðDE À E
• , DE graphene .
This value is in agreement with the value reported in the literature [18] (-15.2 kcal/mol for P3X3) for a model of graphene. It is worth noting that the interaction energy Þ
À E(S)À EðOH
Þper elementary cell (in this picture quadruple super cell) was corrected subtracting the interaction energy between the OH radicals. It is worth noting that the number of carbon atoms per elementary cell is: 4sc 2 Table 1 The reaction energyDE ¼ Eð [SOH] Þ À E(S) À EðOH Þ, per elementary cell in kcal/mol, B3LYP/6-31G(d) for the periodical models of graphene substrates S (see for example SOH
• sc = 4, Fig. 2 The interaction energy, E intOH between the OH groups in kcal/mol and ÀðDE À E intOH Þ also in kcal/mol between OH groups tends to zero when the number of super cells of the periodical models tends to infinity.
Reaction energy for PAH molecular models
We obtained the reaction energy in a broad interval from 2 to 29 kcal/mol ( Table 2) . We fitted, using eq. 24 the reaction energy:
Þ À E(S) À EðOH Þ for different reacting carbon atoms k (Table 3) For the most internal reacting carbon atoms (k = 2, Fig. 1 ), f ðk; nÞ (eq. 22), in this case, and for n [ 1,f ð2; nÞ can be approximated with the expression:
For the external border reacting carbon atoms (k = 3n -1), f ðk; nÞ (eq. 22), in this case, f ð3n À 1; nÞ can be replaced with the expression:
The results are in good agreement with the theoretical eq. 24. For the external border reacting carbon atoms (k = 3n -1), eq. 24 has been expanded adding a parabolic term (DE ¼ a þ bf ðk; nÞ þ df ðk; nÞ 2 ).
It is worth noting that the limit for n that tends to infinity of the reaction energy DE is: lim n?? DE = a i.e. -8.7 ± 0.1 kcal/mol for the internal reacting carbon atoms (k = 2, Fig. 4 ) and a = -30.1 ± 0.1 kcal/mol for the external border carbon atoms (k = 3n -1, Fig. 5 ). In the case k = 2, the value of -8.7 ± 0.1 kcal/mol is different from the one of graphene, -15.1 ± 0.1 kcal/mol (eq. 25). This fact can be explained by keeping in mind that in our molecular model of substrate S, the external border atoms are hydrogen atoms. These atoms tend to be infinitely far from the reacting carbon atoms (k = 2), in the limit for n that tends to infinity. The number of border hydrogen atoms Table 2 The reaction energyÀDE, in kcal/mol, B3LYP/6-31G(d) for different C 6n 2 H 6n substrates S (see for example SOH • n = 4, k = 2 Fig. 1 ) and different reacting carbon atoms k (k = 2 corresponds to the most internal carbon atoms (Fig. 1) , while k = 3n -1 are the external border carbon atoms tends also to infinity (C 6n 2 H 6n ) in the limit for n that tends to infinity. These two opposite effects can cancel each other out, giving a finite contribution to the reaction energy and explaining the different values obtained for graphene.
HOMO-LUMO electronic gap
We also calculated the DFT:B3LYP/6-31G(d) calculated HOMO-LUMO gap E gap for our C 6n 2 H 6n molecular model of substrate S. The results are shown in Table 3 . We fitted using the linear equation E gap ¼ E gap n!1 þ b n to the DFT:B3LYP/ 6-31G(d) calculated HOMO-LUMO gap (Fig. 6) . The electronic gap for our C 6n 2 H 6n molecular model of substrate S (Fig. 6 ) linearly decreased versus 1/n, becoming a small gap semiconductor (E gap n!1 ¼ 0:2 AE 0:1 eV, Fig. 6 ), which was consistent with our metallic disc model.
Conclusions
In all the investigated C 6n 2 H 6n molecular models, the prediction of energies based on the simple formulas derived on the basis of a metallic disc are in good agreement with the quantum mechanical DFT:B3LYP/6-31G(d) (n = 1-6). Asymptotic values of the functionalization energies (n ! 1) as predicted from the present simple theory were -30.1 ± 0.1 and -8.7 ± 0.1 kcal/mol for the external and internal border carbon atoms, respectively. 
